The development of the biomass sorghum hybrid seed industry is contingent on the use of cytoplasmic male sterility. Within sorghum, there are several different cytoplasmic male sterility systems and it is important to determine early in development if cytoplasm will affect agronomic performance or composition characters. Thus, if there is a difference, then the best system can be deployed. The purpose of this study was to determine if cytoplasm per se influences agronomic performance of biomass sorghum using a set of iso-cytoplasmic hybrids. Three hybrid genotypes were produced in three different cytoplasms (A1, A2, and A3) for a total of nine hybrids. These hybrids were evaluated for plant height, biomass yield, and biomass composition in three Texas environments (Weslaco, College Station, and Halfway) in 2010. Across environments, significant differences existed among hybrids for both agronomic and compositional traits, but cytoplasm per se had no effect on any measured trait. Since cytoplasm did not effect on hybrid performance, any of the tested cytoplasms (A1, A2, and A3) can be deployed in hybrid biomass sorghums.
Introduction
New plant breeding programs have been initiated to improve several crops specifically to produce biomass for conversion to bioenergy. One species that is now being used as a bioenergy crop is sorghum (Sorghum bicolor L. Moench). Sorghum was domesticated in Africa and is known throughout the world as a grain and forage crop. The development of biomass sorghum has been enhanced due to the presence of an established production history, breeding programs and seed production systems [1] .
Regardless of the type of sorghum, commercial seed production is based on hybrids produced using cytoplasmic male sterility (CMS) systems. A CMS system is essential because sorghum is a self-pollinated crop and hybrid seed production without a sterility system is not feasible. The first CMS was discovered, characterized and described by Stephens and Holland [2] . This system, designated as A1 CMS, is still used for hybrid sorghum seed production.
In 1970, the Southern Corn Leaf Blight (Helminthosporium maydis) epidemic in corn (Zea mays L.) devastated corn hybrids possessing the single "T" cytoplasm system and it had serious consequences for hybrid crop production [3] . To avoid this potential problem in sorghum, at least four different CMS systems in sorghum were identified and characterized and some of these were made available for deployment in sorghum breeding programs [4] [5] [6] [7] [8] [9] [10] . Further characterization of these sources utilizing mitochondrial DNA sequences identified four distinct groups with the possibility that at least three more are present [11] . Thus, there is sufficient variation for CMS in sorghum to diversify if needed.
From these sources three distinct CMS systems have been developed and used to produce hybrid grain and forage sorghum seed. In addition to the original A1 CMS, which remains the most commonly used CMS system in sorghum, Schertz [8] (1977) documented and released A2 CMS in which the cytoplasm source was derived from a non-milo parent. Miller [12] and Miller et al. [13] released the seed parents with this CMS system A2Tx 632, and A2Tx636 and A2Tx637, respectively. For restoration of fertility in A2 CMS in grain sorghum hybrids, RTx432 was released [14] . A third CMS system, A3, was introduced with the release of A3Tx398 [15] . Since that time, several groups have released seed par-ents with A3 CMS [16] [17] [18] . These have not been used for grain sorghum hybrids because the restoration of the A3 system is gametic [19] and the frequency of restoration alleles in sorghum populations for A3 is rare [20] . However, A3 CMS has been used for the production of forage or sweet hybrids where grain is not important or desired in the commercial product [16, 21] .
Because hybrid biomass sorghums are unique and distinctly different than either grain or forage sorghums [1] , it is important to determine which CMS system is the most appropriate to deploy for both seed and commercial crop production. Biomass sorghum hybrids are not grown for grain production; they are photoperiod sensitive and in most production environments they will not flower prior to harvest [1] . Thus, the restoration of fertility to a hybrid is not relevant for production. Furthermore, if transgenes were introduced into biomass sorghums, the presence of male sterility in the photoperiod sensitive hybrid provides a second level of protection against potential transgene transfer to other plant species.
In addition to these considerations, the selected CMS system must not reduce the yield or agronomic adaptability of the hybrid. In grain sorghum hybrids the effect of cytoplasm on performance of grain sorghum hybrids has varied, depending on study. Maves and Atkins [22] reported a reduction in grain yield in A2 hybrids compared to A1 hybrids while Kishan and Borikar [23] reported that A2 was superior to A1 for grain size and yield. Secrist and Atkins [24] found no significant differences in grain yield between A1 and A2 hybrid, but they reported a 6% reduction in grain yield in A3 hybrids compared to A1 hybrids. Moran and Rooney [25] , evaluating iso-cytoplasmic hybrids also reported reduced grain yield in A3 hybrids compared to both A1 and A2 hybrids. In forage sorghum, Pedersen and Toy [26] tested the effect of A1 and A3 cytoplasm in forage hybrids of sorghum × sudangrass, and they found no differences associated to cytoplasm alone for maturity, height, dry yield, total yield, crude protein and in vitro dry matter disappearance.
As with grain and forage sorghum, it is important to determine if different CMS will affect agronomic performance and biomass yield. Within this context the objective of this study was to evaluate the effect of the A1, A2 and A3 CMS systems on agronomic performance and the composition of nine iso-cytoplasmic biomass sorghum hybrids.
Materials and Methods

Hybrid Production
Three seed parent lines and one pollinator parent were selected to produce the hybrids used in this study. The three seed parents were Tx378, Tx623 and Tx631 and all of these lines were originally developed and released with A1 CMS [12, 27] . For all three, iso-cytoplasmic versions were developed in the Texas AgriLife Research sorghum breeding program [18] . These same lines were also used by Moran and Rooney [25] . Each seed parent was hybridized using the pollinator line R07007. R07007 is a photoperiod insensitive breeding line in the Texas AgriLife Research program that when hybridized to standard seed parents (such as Tx378, Tx623 and Tx631) produces a photoperiod sensitive hybrid based on epistatic genetic interactions at specific maturity loci [28, 29] . Thus a total of nine hybrids, representing three genetically distinct inbreds and three distinct CMS were included in the agronomic analyses. All hybrid seed production was completed in a crossing block in College Station in 2008.
Field Testing
The nine hybrids were evaluated in a randomized complete block design (RCBD) with five replications at three locations in Texas in 2010. At each location, the experimental unit was composed of two rows of 7.92 meters in length and spaced 0.762 meters totaling 6.03 square meters per plot. Plots were planted and thinned to a plant density of 160,000 plants·ha . Trials were planted in College Station (CS) on April 7th, in Halfway (HW) on June 1st and Weslaco (WE) on August 16th. These locations represent a range of different of sorghum production regions in Texas. College Station is located in the South Central region and is a subtropical environment. Halfway is in the Texas High Plains and has dry, temperate climate. Weslaco is in the Rio Grande Valley in a semi-arid but humid tropical climate. Agronomic production practices common to each region for forage sorghum were used in these studies. At WE, one supplemental furrow irrigation was applied and at HW, plots were irrigated using a center pivot systems while the CS trial was rainfed.
In each location, plant height, stem diameter, and biomass yield were measured immediately prior to harvest. Days-to-anthesis was not recorded because all of these hybrids were photoperiod sensitive and flowering did not occur in either CS or HW. Because the WE location was grown in the fall, the hybrids were just at anthesis at harvest but all flowered within 2 days so there was little to no variation among hybrids. Plant height (cm) was measured from the base of plants (soil level) to the growing point of the plants. Plant stem diameter (Stem dia.) was measured in mm at the second fully extended internode from the base of three random plants prior to harvest. Plots were then harvested in CS and WE with a John Deere Silage Harvester model 5460 with three-row silage header and weighed in a wagon equipped with the Avery Weight-Tronics, model 640 electronic. In Halfway har-vest was performed with a one-row New Holland model 707 forage harvester, and the plot biomass was collected and weighed in an attached bin equipped with an Avery Weight-Tronics scale system model 640 with increments of 500 g. At CS, HW, and WE, plots were harvested on 25 Aug, 16 Sept and 12 Nov, respectively. At harvest, a fresh sample was collected from each plot. These samples were weighed and dried in an air-forced flux drier at 52˚C ± 1˚C until weight stabilization. The dry samples were then weighed and moisture content was calculated as the difference in weight between the fresh and dry sample. The dried samples were ground in a Wiley Mill (Thomas Scientifics, Inc.) until the tissue passed through a 2 mm mesh screen and was then stored in air-tight plastic bags.
The composition analysis was predicted by near infrared spectroscopy using a FOSS XDS near infrared spectroscopy instrument (rapid content analyzer). Spectrum data were converted into composition prediction data using a calibration curve which was developed through cooperation between the sorghum research team at Texas A & M University sorghum quality lab and National Renewable Energy Laboratory [30] . Prediction parameters were ash, lignin, xylan (hemicellulose) and glucan (cellulose and starch).
Statistical Analysis
Data from each environment were analyzed independently using ANOVA in Statistics Software JMP version 9 (SAS Institute, 2010). For each location the statistical model was Y = mean + replication + cytoplasm + female + cytoplasm × female + error with all effects fixed. Prior to combining the data from environments, Bartlett's test for Homogeneity of Error was run to determine if combining the data was statistically valid (Bartlett, 1937) . No evidence of error heterogeneity was detected; hence the data from across environments was combined and analyzed using the statistical model Y = mean + environment + replication (environment) + cytoplasm + cytoplasm × environment + female + female × environment + female × cytoplasm + female × cytoplasm × environment + error with all sources of variation considered fixed. If a source of variation was significant, then mean separation was completed using the Student's T method.
Results and Discussion
Few significant effects were detected within environments; the cytoplasm effect was significant only for dry biomass yield in CS (A3 > A2 and A1) and for ash and lignin content in HW. Effects due to female were significant for lignin and xylan concentration and fresh and dry biomass yield in WE, stem diameter in HW and xylan in CS. Differences due to female were expected as these three seed parents are diverse in pedigree, phenotype and adaptation. The paucity of significant effects within each location indicates that cytoplasm per se does not affect biomass yield or composition. The interaction term (cytoplasm × female) was not significant for any measured trait.
In the combined analysis of variance, environment was a significant source of variation for every trait measured; cytoplasm was not significant for any of the agronomic or compositional traits ( Table 1 ). The effect of female (seed parent) was significant for fresh biomass yield, dry matter, glucan and xylan, indicating that the hybrids differed for these traits. The interactions were not significant with the following exceptions: cytoplasm × environment (ash), cytoplasm × female (glucan and dry matter content), and cytoplasm × location × female (fresh biomass yield and dry matter content) ( Table 1) .
The effect of environment accounted for the majority of variation detected in the test ( Table 1) . For example, biomass yields across location ranged from 32.0 MT·ha (WE) to 76 MT·ha −1 (HW) while the range for biomass yield due to female seed parent was much less and nonexistant for cytoplasm ( Table 2 ). The lower yields in WE were the result of the late summer planting date resulting in a crop that developed into the fall season where active growth and biomass accumulation was slowed or stopped due to cool/cold weather, short daylengths and reduced light intensity. Plants were tallest in HW and shortest in WE, again likely due to the shorter growing season and daylengths in WE. Stem diameter was larger in WE and CS than in HW ( Table 2) . Concentrations of ash, xylan, and glucan in HW were consistently and often significantly higher than the other two environments ( Table 2) . While there is not an obvious reason for this observation, because these are concentrations and other compounds that are not presented in this study (i.e., protein, soluble sugar) could be higher in CS and WE environments and this would cause a concomitant reduction in other components. This is possible as other studies have shown that protein and soluble sugar contents vary in sorghum due to genotype, maturity and environment effects [31] .
Because only one pollinator parent was available for use in this study, the effect of the female (seed) parent reflects any differential performance among the hybrids in this test. Among these genotypes, ATx378/R07007 produced the highest fresh biomass yields ( Table 2) . Differences in composition were also detected among the hybrids, specifically for glucan and xylan concentrations ( Table 2 ). Tx378 hybrids were higher in glucan and xylan than either Tx631 or Tx623 hybrids. Both Tx631 and Tx623 tend to have higher soluble carbohydrate levels than Tx378 (data not shown) and this is reflected in the lower glucan and xylan concentrations. Overall, there were fewer differences in hybrid performance in this study than in previous cytoplasm studies in grain sorghum [22, [24] [25] [26] which is not uncommon as it is often more difficult to detect differences in whole plant biomass rather than the grain, which represents a partitioned portion of the total biomass [26] . At the time of this study, R07007 was only pollinator available that would produce the type of biomass hybrid evaluated in this study. Therefore, it was not possible to assess the relative effect that a male parent might have on the performance of iso-cytoplasmic hybrids. Moran and Rooney [25] , reported a significant male × cytoplasm interaction for grain yield in iso-cytoplasmic hybrids, but this effect was much smaller than the female × cytoplasm effect. Pedersen and Toy [26] evaluated eight sudangrass pollinators with four different seed parents in both A1 and A3 cytoplasm; they reported no interactions of cytoplasm with either the male or female parent for biomass yield or plant height. Thus, based on these reports, it is very unlikely that the pollinator parent would elicit a cytoplasm effect but further studies with additional pol-linator parents would be required to confirm this hypothesis.
The results of this study indicate that the performance of biomass sorghum hybrids is not influenced by any of the three cytoplasm systems (A1, A2 and A3) tested. These results are slightly different from other cytoplasm studies in sorghum wherein differences in grain yield were detected between different cytoplasms [23, 25] . In these studies, the A3 cytoplasm was the poorest performing cytoplasm [24, 32] . All these studies considered the grain yield and not total biomass yield. Pedersen and Toy [26] did not detect differences in forage yield between A1 and A3 iso-cytoplasmic forage sorghum hybrids. In the current study, grain yield is not a factor; these hybrids did not flower or were flowering at harvest.
High biomass sorghum hybrids have a promising future as a source for feedstock for biofuel production. Given that cytoplasm per se had no effect on hybrid performance, any of the tested cytoplasms (A1, A2, and A3) can be deployed in hybrid biomass sorghums. The use of A3 cytoplasm to produce male sterile hybrids will provide breeding programs the best secondary containment mechanism to avoid any potential gene flow from future transgenic energy sorghums.
